This document is made available in accordance with publisher policies. Please cite only the published version using the reference above. Full terms of use are available: http://www.bristol.ac.uk/pure/about/ebr-terms Furthermore, the resonant frequencies can be controlled through deformations of an underlying elastomeric substrate. Systematic experimental and computational studies include structures with diverse geometries, ranging from tables, cages, rings, ring-crosses, ring-disks, two-floor ribbons, flowers, umbrellas, triple-cantilever platforms, and asymmetric circular helices, to multilayer constructions. These ideas form the foundations for engineering designs that complement those supported by conventional, microelectromechanical systems, with capabilities that could be useful in systems for biosensing, energy harvesting and others.
Introduction
Microelectromechanical systems (MEMS) exploit structural vibrations for precision mass sensing, [1] [2] [3] microscale rheology, [4] [5] [6] [7] measurement of cell mechanics, [8] [9] [10] [11] [12] and energy harvesting [13] [14] [15] and other important purposes. Current MEMS devices are limited to only a few, largely two-dimensional (2D) geometries such as cantilevered beams, [16] [17] [18] doubly clamped bridges, [19] stressed wires, [20] and other constructs based on flat membranes and plates. [7, 21] These devices also, by consequence, operate in a largely simple, 2D manner, thereby limiting their utility when full, three-dimensional (3D) motions are required. For example, biological cells [22] [23] [24] [25] and tissues [26] [27] [28] [29] have anisotropic mechanical properties.
Investigating the mechanical properties of these materials demands devices with capabilities for operation in 3D space. In addition, ambient vibrations are essentially three-dimensional, and hence conventional 2D MEMS devices for kinetic energy harvesting applications have disadvantages. Recent advances in MEMS technologies include the development of devices with resonant frequencies that can be tuned to compensate for frequency shifts associated with changes in the operating environment [20, [30] [31] [32] and that can be continuously adapted for timevarying ambient vibrations, both of which improve the efficiency for energy harvesting.
Common methods for tuning the frequency include changing the associated mass and/or tuning the effective stiffness of the resonator by applying stresses through piezoelectric effects, thermal expansion or electrostatic forces. [20, [30] [31] [32] These approaches require, however, integration of additional components and materials, and, therefore, significantly complicate the fabrication process. 3D structures formed via origami, [33, 34] buckling, [35] [36] [37] [38] and 3D printing [39] have attracted significant attentions due to their wide range of applications such as microphysiological systems, [39] cell studies, [40, 41] bio-mimic actuators, [42, 43] and the control of wave propagation. [44, 45] However, their applications in MEMS resonators and energy harvesters remain to be fully explored.
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This paper presents a systematic set of experimental and theoretical studies of a broad set of 3D vibrational structures with diverse geometries, assembled by controlled compressive buckling from advanced materials including soft polymers, brittle silicon, and their composites, with potential use as 3D MEMS resonators and kinetic energy harvesters. These platforms offer resonant frequencies that can be tuned by varying the in-and out-of-plane sizes and compositions of the structures or by inducing deformations in the underlying elastomeric substrates. Multistable structures provide routes to increase the bandwidth and tunability. Demonstrations include a broad set of 3D architectures ranging from tables, cages, rings, ring-disks, ring-crosses, flowers, umbrellas, membrane-cantilever hybrid structures, asymmetric circular helices, to multilayer cage structures.
Results and Discussion
Cage and table structures serve as examples to demonstrate the essential physics that underpins the dependence of resonant vibrational frequencies on compressive strains applied on the structures via deformations of the substrate (Figure 1 ). Fabrication follows previously reported approaches in deterministic mechanical assembly. [46] [47] [48] [49] Specifically, a set of microfabrication processing steps first produces a collection of 2D precursor structures.
Transfer onto a prestretched elastomeric substrate after treating the contacting surfaces to define a collection of sites for strong mechanical bonding prepares the system for geometrical transformation into a 3D structure. Here, relaxing the stretch in the substrate imposes compressive forces on the 2D precursors at the bonding sites, and leads to delamination and consequent out-of-plane translational and rotational motions of the non-bonded regions. The
Experimental Section describes the details. Here, the resulting 3D structures serve as vibrational platforms on elastomeric substrates. Controlling the deformation of the latter offers a means for adjusting the 3D geometries and, by consequence, the resonant frequencies. ) for the cage and table structures compressed at 20%, 30%, and 40% biaxial strains (denoted as comp). The values of comp correspond to magnitude of strain released from the substrate initially in its prestretched state. Each structure consists of a patterned layer of a photodefinable polymer (SU8, MicroChem) with thicknesses of 10 m, and widths of 200 m (table) and 50 m (cage) for the support features. (Figure S1 (Supporting Information) presents detailed geometries for the 2D precursors in both cases. m), and SU8 (5 m) / Si (1.5 m), and two cage structures whose in-plane sizes are a factor of two smaller than those at Scale 1. Because the modulus (130 GPa) of Si is much larger than that (4.02 GPa) of SU8, the 3D cage structure made of SU8 (8.5 m) / Si (1.5 m) has a much higher resonant frequency than that of the SU8 (10 m), even though both the lateral sizes and the total thicknesses are the same. The resonant frequencies of the smaller cage structures (Scale 2, i.e. half the size of Scale 1 cages) are higher than all three of the Scale 1 cage structures. The 3D cage of Si (1.5 m) has higher resonant frequencies than those of the SU8 (5 m), because the effect of the modulus overcomes that of the thickness in this case.
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A scaling law provides quantitative understanding of the effect of material and geometrical parameters on the resonant frequency. For a vibrational mode dominated by bending, the effective stiffness (K) of the 3D structure is proportional to 32 / Eh L , where Ê is the equivalent modulus, h the total thickness and L the lateral size; the effective mass (M) is proportional to 2 hL  , with  being the equivalent density. Therefore, the resonant frequency can be written as
where  is a dimensionless factor that depends on the shape of 3D structure and the vibrational mode and can be determined from FEA. For a bilayer composite of SU8 and Si, the expressions for Ê and  are
where
h , and Si h are the Young's modulus, density and thickness of SU8 and Si, respectively. This scaling law agrees well with the experiment results in Figure   2g and h and the FEA results in Figure S3 (Supporting Information) for a wide range of parameters.
Studies of three structures (ring, ring-cross, and ring-disk structure) demonstrate the relationship between the resonant frequencies and the length scales (Figure 2b ). Figure 4b presents an eight-fold rotationally symmetric umbrella structure (SU8, 10 m in thickness). Similar to the flower structure, amplitude-frequency response of the left-right mode exhibits a single peak that corresponds to a global resonance of the structure.
Asymmetric geometries are also possible. Figure 4c illustrates a triple-cantilever structure (SU8, 10 m in thickness) that has cantilever beams with different lengths connected to a triangular membrane. The beam "B1" is the longest, and "B3" is the shortest. Therefore, the resonant frequency of B1 is lowest, and B3 is highest. The resonant frequency of the membrane is higher than that of the beams. m in thickness) is 50% of the upper layer (SU8, 10 m in thickness), resulting in a higher resonant frequency. Figure 4f shows comparisons between measured resonant frequencies and FEA results, with good agreement (discrepancies less than 7% for all structures).
Conclusion
In summary, this paper presents a systematic study of vibrational modes in 3D structures 
Experimental Section
Fabrication of 3D structures in SU8, Si, and SU8/Si followed previously reported procedures. [46] [47] [48] [49] Figure 64 data points were recorded at each frequency and the increment of freqency was 50 Hz. All the amplitude-frequency curves presented in this paper were the average among the 64 data points at each frequncy.
Supporting Information
Supporting Information is available from the Wiley Online Library or from the author. Figure S2. 2D precursors, SEM and FEA images of a) ring structures at three scales (Scale bars: 500 μm), b) ring-cross structures at two scales (Scale bars: 1 mm), and c) ring-disk structure at two scales (Scale bars: 1 mm). 
